Photon-counting CT (PCCT) potentially offers both improved dose efficiency and material decomposition capabilities relative to CT systems using energy integrating detectors. With respect to material decomposition, both projection-based and image-based methods have been proposed, most of which require accurate a priori information regarding the shape of the x-ray spectra and the response of the detectors. Additionally, projection-based methods require access to projection data. These data can be difficult to obtain, since spectra, detector response, and projection data formats are proprietary information. Further, some published image-based, 3-material decomposition methods require a volume conservation assumption, which is often violated in solutions. We have developed an image-based material decomposition method that can overcome those limitations. We introduced a general condition on volume constraint that does not require the volume to be conserved in a mixture. An empirical calibration can be performed with various concentrations of basis materials. The material decomposition method was applied to images acquired from a prototype whole-body PCCT scanner. The results showed good agreement between the estimation and known mass concentration values. Factors affecting the performance of material decomposition, such as energy threshold configuration and volume conservation constraint, were also investigated. Changes in accuracy of the mass concentration estimates were demonstrated for four different energy configurations and when volume conservation was assumed.
INTRODUCTION
Photon-counting CT (PCCT) with its improved energy resolution and noise properties, may provide improved material differentiation and decomposition capabilities in X-ray CT [1] , [2] relative to Energy Integrating Detector (EID) Whereas existing dual-energy CT techniques are limited to 2 measurements using overlapping energy spectra, PCCT may acquire multi-energy (n≥3) measurements simultaneously with decreased spectral overlap. Additionally, photon-counting detectors provide energy-resolved transmission information with better dose efficiency [1] . The improvement in material differentiation and decomposition can yield basis-material images containing estimates of mass concentration. This has potential value for a number of clinical applications.
A number of material decomposition methods have been published in the literature. Projection-based methods are limited by lack of availability of projection data in routine clinical practice. Image-based methods are more convenient in that regard, but frequently assume volume conservation so that three basis materials can be quantified by dual-energy or multi-energy CT measurements [3] , [4] . While mass conservation is always true, volume conservation is often violated in solutions or mixtures. Furthermore, both projection-and image-based methods frequently require accurate knowledge of X-ray spectra and detector response, which are proprietary information and difficult to obtain. Although, there is published method to estimate the spectrum from transmission measurements [5] , the accuracy of the estimated spectrum is unclear [6] . For example, both spectra and detector response might drift over time due to the aging of components, such as sputtering of anode material on the tube window. Moreover, such measurements require specialized instruments and techniques and can be very time-consuming. Hence, it can be impractical to accurately measure these information in a clinical setting.
In our previous work, we reported an image-based material-decomposition algorithm that includes a general condition on volume constraint that does not require the volume to be conserved in a mixture. This method determines the parameters for material decomposition through calibration using mixtures with known concentrations, and thus does not require accurate knowledge of the x-ray spectra and detector response [7] .
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The (5) (6) enuation and iron e quanti-(CaCl 2 , the capan=4) and ivalently oncentra-tion range of iron matched the values found in literatures about liver iron concentration in hepatic iron-overloaded patients (3~9 mg/g) [10] . The concentration range of calcium was chosen to match the ones previously being used for CT measurement of trabecular bone mineral density [11] .
Noise magnification during material decomposition is a common problem and becomes more severe for the differentiation of calcium and iron due to their similar effective atomic numbers. Rather than direct matrix inversion, we use constrained least-squares fitting based on prior information about basis materials to estimate basis material concentration since each sample is composed of basis material mixtures. 
Determination of material matrix M
A calibration procedure is performed using known concentrations of the basis materials of interest, from which the basis material matrix is determined. Most acquisition parameters for calibration should match those in the test scan, including kV, thresholds configuration, and reconstruction kernel. The material matrix is determined by applying least square fitting between the CT measurements and known basis material concentrations. To limit the influence of image noise on the accuracy of the material matrix, the calibration procedure can be performed at high tube current or by repetitive scans. The empirically determined material matrix is then used to estimate each basis material concentration within a mixture of materials.
Factors affecting material decomposition accuracy
2.3.1 Previously-published image-based methods for dual-energy CT frequently assumed volume conservation so that two energy measurements can be used to quantify three basis materials. As the volume conservation is often violated in solutions, we compared the changes in the accuracy of material decomposition when volume conservation is erroneously assumed for the evaluated solutions. The material decomposition with a volume conservation assumption was obtained by using the same method with the parameter (in Eq. 5) being set to unity.
2.3.2 PCCT offers a limited number of energy discriminators and associated counters for each detector channel. For the same incident X-ray spectra or radiation dose, it is important to design the energy threshold configuration to improve the material decomposition results. Previous studies [12] , [13] demonstrated that Cramer-Rao Lower Bound (CRLB) analysis can be used to calculate the lowest bound of basis image noise that any unbiased estimator can achieve for multi-energy x-ray transmission measurements. The formula for the calculation of the lowest variance of basis material image noise, , has been derived in 13 and been included for reference. ≥
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Prior to the l bin images (F B 2 =T 3 -T 2 , B which were u titative mediu hm using scan nner (Siemens ication [15] . [14] f all detector c configurations ameters) The performa well as the ac Table 2 show dose, 4 thres times higher tion B is slig threshold con The decomposition accuracy of the estimated basis material concentrations was evaluated by Root Mean Squared Error (RMSE). The result with a general volume constraint was superior to that achieved with use of an incorrect volume conservation assumption ( Table 3 , Row 2 and 3). These data demonstrated that the developed image-based material decomposition method can accurately quantify material concentration for three basis materials, as well as the overall mixture density, without any prior information about spectra or detector response, or the assumption of volume concentration. The energy threshold configuration choice has a large impact on the material decomposition performance. With the same radiation dose, configuration A (Figure 3, top) performed much better than configuration D, as shown in the material specific images (Figure 3, bottom) , as well as RSME calculation (Table 3) . Configuration B yielded similar material decomposition results as configuration A, while configuration C performed better than configuration D but worse than configurations A and B. Hence the ranking of these threshold configurations on decomposition accuracy is: A>B>C>D. The oCRLB calculation presented here may predict the trend of the influence of energy threshold configurations but does not precisely represent the noise or RMSE in material specific images. Our ongoing work is to include important factors relative to the physical system and reconstruction algorithm in the calculation to improve the accuracy of the material image noise estimation.
Conclusions/ New and Breakthrough Work
We have developed an image-based material decomposition method to practically and efficiently estimate basis material concentration from PCCT images. A general condition on volume constraint in a mixture was introduced that does not require an assumption on volume conservation. This work validated the proposed method in a phantom experiment on a prototype PCCT system, which demonstrated good agreement with the known mass concentration values. The effect of erroneously assuming volume conservation for solutions, and of energy threshold configuration choice, on accuracy of mass concentration estimates were demonstrated.
